Objective -To investigate hemostatic changes in dogs envenomed by cytotoxic (African puffadder) and neurotoxic snakes (snouted cobra) using thromboelastography (TEG) and plasma-based coagulation assays. Design -Prospective observational clinical study. Setting -University teaching hospital. Animals -Eighteen client-owned dogs; 9 envenomed by African puffadder (Bitis arietans) and 9 by snouted cobra (Naja annulifera). Ten healthy dogs served as controls. Interventions -None. Measurements and Main Results -Blood was collected at presentation and 24 hours post envenomation. Platelet count, TEG, prothrombin time, activated partial thromboplastin time (aPTT), antithrombin activity, and fibrinogen (Fib) and C-reactive protein (CRP) concentrations were measured. Outcomes were analyzed using linear mixed models at 5% significance. At presentation, R time was significantly prolonged in the puffadder group compared to the cobra (P = 0.01) and control groups (P = 0.05). Platelet count was significantly lower in the puffadder compared to the cobra (P = 0.04) and control groups (P = 0.001), respectively. Antithrombin activity was significantly decreased in the puffadder (P = 0.002) and cobra groups (P = 0.004) compared to the control group. Both prothrombin time and activated partial thromboplastin time were significantly prolonged in the cobra group compared to the control group (P = 0.03 for both). The TEG variables, maximum amplitude (MA) and G, were significantly increased 24 hours post envenomation in the puffadder group compared to their values at presentation (P = 0.05 for both). Fib and CRP concentrations were significantly increased 24 hours post envenomation in both snake-envenomed groups. Conclusions -Prolonged clot initiation was a common feature in puffadder-envenomed dogs at presentation and this was likely venom induced. Snouted cobra-envenomed dogs were normo-to hypercoagulable at presentation. Dogs from both puffadder and cobra groups progressed to a more hypercoagulable by 24 hours post envenomation, most likely due to marked inflammation as indicated by the increased Fib and CRP concentrations. TEG proved a sensitive tool for detecting abnormal hemostasis in snake-envenomed dogs.
Introduction
Snake envenoming in people and animals is a common occurrence in many countries across the world, especially in rural areas, and is classified as a true medical emergency. [1] [2] [3] [4] Snake venom contains hundreds of enzymes, proteins, and peptides that assist the snake in paralyzing, killing, and digesting its prey or to defend itself against predators. 3, [5] [6] [7] These venom components can be classified into procoagulants, anticoagulants, fibrinolytic toxins, vessel wall interactive toxins, toxins that affect platelet activity and plasma protein activators. 8 These not only destroy tissues, but can also evoke a significant inflammatory response through cytokine release in the victim. 9, 10 In viperine (adders) and crotaline (rattlesnakes) species, inflammation is a major characteristic of envenoming and inflammation and coagulation are known to inadvertently activate each other. [11] [12] [13] Plasma-based assays are routinely used in human medicine to screen for coagulopathies in envenomed patients. 8 The usefulness of these assays is limited because they do not take into account the role of platelets, the endothelium, or the contribution of tissue-factor bearing cells toward hemostasis. Thromboelastography (TEG) is a possible alternative to characterize the hemostatic changes following envenoming in dogs by incorporating the cellular elements, which are important in the inflammatory response. It is believed that TEG offers a better reflection of hemostasis in vivo and it has been validated and used in dogs. [14] [15] [16] [17] [18] [19] One study reported on the usefulness of TEG in the clinical management of children with snake envenomation in southern Africa. 20 Thirtyfive of the 51 patients had abnormal thromboelastograms and 17 of those 35 patients developed severe hemorrhagic diathesis. The study concluded that in snake envenoming, 50% of the patients with abnormal thromboelastograms will develop a severe clinical diathesis, while if the thromboelastogram is normal, the clinical course is likely to be benign (predictive value of 94%). Patients with an abnormal thromboelastogram should therefore be monitored for clinical signs of a coagulopathy. 20 Three snake families are considered to have clinically relevant effects on hemostasis: Colubridae (eg, boomslang and vine snake), Elapidae (eg, cobras and mambas), and Viperidae (eg, rattlesnakes and vipers, such as the puffadder). 6, 8 The African puffadder (Bitis arietans) and snouted cobra (Naja annulifera) are typically found in sub-Saharan Africa and envenomations by these snakes are commonly seen in both people and animals. 21, 22 Even though the hematological and biochemical findings in dogs envenomed by these 2 snakes have been documented, 23 possible hemostatic dysfunction in dogs naturally envenomed by them has, to our knowledge, not been investigated. An understanding of the hemostatic changes may be of value in the diagnosis, management, and prognosis of envenomed patients. The purpose of this study was therefore to investigate the hemostatic changes in dogs envenomed by 2 snake species (B. arietans and N. annulifera) using TEG and traditional plasma-based coagulation assays.
Materials and Methods

Animals
This was a prospective, descriptive, longitudinal observational study of clinical cases of 18 client-owned dogs with confirmed natural snake envenomation. Eligible dogs were of any breed and either sex, provided they were ࣙ6 months of age, weighed more than 5 kg, and were free of any concurrent diseases that may affect hemostasis as determined by thorough physical examination and comprehensive blood assays. The presence of blood-borne parasites (ie, Ehrlichia spp. or Babesia spp.) was screened for by careful examination of a thin peripheral blood smear and CBC. Dogs that had received medication known to interfere with hemostasis (eg, corticosteroids, nonsteroidal anti-inflammatory drugs, or anticoagulants) within the preceding 3 weeks were excluded from the study. To ensure correct snake identification, the envenomation had to have been witnessed by the owner and the snake identified by means of either an accurate description, using pictures compiled and kept at the clinic, or on presentation of the dead snake. The time from envenomation to presentation was recorded. All envenomed dogs were treated according to the specifications of a previous publication as deemed necessary by the attending clinician, and included IV fluids, blood products, polyvalent antivenom, and other supportive treatments as indicated by the patient's clinical signs. 4 Specific treatments that may have interfered with hemostasis (eg, blood products or polyvalent antivenom) were recorded. The polyvalent antivenom a consists of refined equine serum immunoglobulins, prepared from the serum of horses that have been hyperimmunized with specific snake venoms. The controls were selected to be in the same age and weight range as the clinical cases, and included 10 healthy, clientowned dogs admitted for routine ovariohysterectomy, castration, or blood donation. The controls were deemed healthy based on history, a full clinical examination that included a peripheral blood smear to screen for bloodborne parasites, as well as a CBC. Client consent was obtained for all dogs included in this study and the study protocol was approved by the Animal Ethics Committee of the University of Pretoria (Protocol no. V058-10).
Sample collection and analysis Envenomed dogs were presented at different times after the incident occurred. In an attempt to standardize the time of blood collection, dogs were only recruited if they presented within 6 hours post envenomation. Blood was collected at presentation prior to any treatment, as well as 24 hours post envenomation. A serum sample (3-mL Vacutainer tube), b sodium citrate sample (3-mL Vacutainer tube), b and an EDTA sample (3-mL Vacutainer tube) b were collected from the jugular vein of each dog with a 21-Ga needle by careful venipuncture with minimum stasis. Sufficient blood was collected in the citrate tube to ensure a 1:9 ratio of 3.2% trisodium citrate and blood. The blood samples were collected in the order described above. The EDTA sample was used to determine platelet count (Plt), hematocrit (HCT), and white blood cell count (WBC). The TEG analysis was performed on the sodium citrate sample 30 minutes after collection. The remaining citrate sample was then centrifuged at 2,100 × g for 8 minutes, after which the plasma was harvested and stored at −80°C.
c The coagulation profile analyses were performed as a batch within 4 months of collection and included prothrombin time (PT), activated partial thromboplastin time (aPTT), antithrombin (AT) activity, and fibrinogen (Fib) concentration. Studies in people and dogs have reported that coagulation proteins in frozen plasma remain stable between 6 and 24 months at −70°C. 24, 25 A CBC was performed on the ADVIA 2120.
d PT, aPTT, and Fib concentration assays were performed on the ST art 4 analyzer.
e AT activity was measured using a chromogenic assay on an automated spectrophotometric analyzer.
f C-reactive protein (CRP) concentration was measured using an automated turbidometric immunoassay calibrated with commercially available purified canine CRP to ensure species-specific measurement with the heterologous assay.
f The assay has been validated for use in dogs. 26 TEG was performed using the TEG 5000 Thromboelastograph Haemostasis System. g Citrated whole blood was left to stand for 30 minutes to allow settling of the platelets' activity levels before TEG analysis. Human-recombinant tissue factor h was utilized as activator, as previously described for use in dogs.
14 Thromboelastograms were obtained for 120 minutes at 37°C. Recorded TEG variables included time to initiation of clot formation (reaction time, R), time for the tracing to achieve a predetermined clot strength (K), speed of clot propagation (angle, ␣), greatest clot strength (MA), and degree of fibrinolysis at 30 and 60 minutes after MA was reached (Ly30 and Ly60, respectively).
Statistical methods
The data were checked for normality using the ShapiroWilk test and R, K, PT, and aPTT were log-transformed to achieve normality. Age and weight were compared between the 3 groups (puffadder, cobra, and control) using Kruskal-Wallis analysis of variance and gender proportions were compared using Fisher's exact test. TEG variables Ly30 and Ly60 were not included in the statistical analysis due to a large amount of zero values and missing values. Hematologic and hemostatic outcomes were compared between the 3 groups at admission, and between the puffadder and cobra groups over time using linear mixed models. The TEG variables K, angle, MA, and G were adjusted for Plt and Fib concentration at admission and 24 hours, as well as for treatment administered (polyvalent antivenom or blood products) at 24 hours. Since the R time is not affected by Plt or Fib concentration, it was only adjusted for the treatment administered at 24 hours.
14 The mean Ht remained within normal limits for all groups and therefore was not adjusted for. The remaining variables were only adjusted for treatment administered at 24 hours. Statistical analyses were performed using commercial statistical software.
i,j A P value < 0.05 was considered significant.
Results
Study population
Twenty-three envenomed dogs presented between November 2010 and April 2011. Eighteen dogs met the inclusion criteria and were enrolled in the study. Nine dogs were envenomed by African puffadder and 9 by snouted cobra. The median age (range) and weight (range) of dogs in the puffadder group were 42 months (12-144) and 10.2 kg (7.0-33.6), respectively, and included 4 female and 5 male dogs. The breeds consisted of smooth-haired Dachshunds (2), Jack Russell Terriers (2), Boerboels (2), and 1 of each Rhodesian Ridgeback, and crossbreed dog. The median age (range) and weight (range) for the cobra group were 42 months (18-60) and 17.8 kg (5.8-43.2), respectively, and included 6 females and 3 males. The breeds consisted of smoothhaired Dachshunds (3), and 1 each of the following, Fox Terrier, Staffordshire Bull Terrier, Bullmastiff, Boerboel, Rhodesian Ridgeback, and a crossbreed dog. The control dogs included 4 males and 6 females, with median age (range) and weight (range) of 52 months (16-96) and 17.6 kg (6.0-38.0), respectively. There were no significant differences in age, weight, or gender between the 3 groups.
Envenomation time, treatment, and outcome
The mean time (range) from envenomation to presentation in the puffadder and cobra groups was 2 hours (0.5-4.5) and 3 hours (0.5-4.5), respectively. Besides the indicated supportive treatment, specific treatment for the puffadder group included fresh frozen plasma 9.3 ± 3.1 (3.8-13.9) 9.1 (7.6-12.2)
9.3 ± 3.1 (3.8-13.9) 9.1 (7.6-12. (1/9), whole blood (1/9), and polyvalent antivenom (2/9); and for the cobra group included polyvalent antivenom (8/9). Two dogs in the puffadder group died within 24 hours of admission and 1 dog in the cobra group was euthanized 72 hours post presentation due to a poor prognosis. The 2 dogs (<10 kg) that died after puffadder envenoming in this study did not show any antemortem macroscopic evidence of bleeding, except mild-to-moderate soft tissue swelling and oozing at the envenomation sites. Neither dog was treated with polyvalent antivenom or any blood products. However, postmortem examination demonstrated multiple hemorrhages in the subcutis and at the envenomation sites (musculature) of both dogs. Additionally, there were several small, paintbrush hemorrhages in the endocardium of the left ventricle in the 1 dog and moderate enterorrhagia in the small intestine and cecum was noted in the other fatality. Table 1 contains a summary of all the variables for the 3 groups at presentation and at 24 hours. The most significant result was the mean R time on presentation, which was significantly prolonged in the puffadder group compared to the cobra (P = 0.01) and control groups (P = 0.05); however, there was no significant difference between the cobra and control groups (Figure 1) . None of the other TEG variables were significantly different among groups. Plt was significantly lower in the puffadder compared to the cobra (P = 0.04) and control groups (P = 0.001); however, there was no significant difference between the cobra versus control groups (Figure 2 ). HCT was not significantly different among groups. WBC was significantly higher in the puffadder compared to the co- bra (P = 0.003) and control groups (P = 0.001); however, there was no significant difference between the cobra and control groups (Figure 3 ). CRP concentration was not significantly different among groups (Figure 4 ). Fib concentration was not significantly different among groups. AT activity was significantly decreased in the puffadder (P = 0.002) and cobra groups (P = 0.004) compared to the control group; however, there was no significant difference between the puffadder and cobra groups ( Figure 5 ). PT was significantly prolonged in the cobra compared to the control group (P = 0.03); however, there was no significant difference between the puffadder versus cobra or control groups. aPTT was significantly prolonged in the cobra compared to the control group (P = 0.03); however, there was no significant difference between the puffadder versus cobra or control groups. Change over time in hemostatic variables, and associated blood parameters, for the puffadder and cobra groups, and differences between groups at 24 hours post envenomation Of the TEG variables, the MA and G were significantly increased in the puffadder group at 24 hours when compared to the values at presentation (P = 0.05 for both); however, there were no significant changes in these variables for the cobra group. There were no significant changes over time for R, K, or angle in either group. There were no significant changes in Plt, but HCT was significantly lower at 24 hours in both groups (P < 0.001 and P = 0.02, respectively). There were no significant changes for WBC; however, there were significant increases in CRP concentration in both groups (P = 0.04 and P = 0.001, respectively), as well as Fib concentration for the cobra group (P < 0.001). There were no significant changes for AT activity, PT, or aPTT. Treatment with blood products had no effect on any of these variables; however, dogs treated with polyvalent antivenom had a significantly lower AT activity (P = 0.05) and prolonged aPTT (P = 0.01) in both the puffadder and cobra groups; however, the values for both variables were still within the normal reference limits. When variables were compared between groups at 24 hours post envenomation, HCT was significantly decreased and WBC increased (P = 0.01 for both) in the puffadder compared to the cobra group. For all other variables, there were no significant differences between the groups.
Comparison of hemostatic variables, and associated blood parameters, between groups at presentation
Discussion
This study demonstrated that dogs envenomed by puffadders were more hypocoagulable at presentation, characterized by a significantly prolonged clot initiation time (R), compared to dogs envenomed by snouted cobras and healthy controls. This finding was surprising since envenomations by puffadders are considered to be extremely cytotoxic in nature and therefore a hypercoagulable status was expected, secondary to inflammation-triggered activation of coagulation. 4, [11] [12] [13] 23, 27 The hypocoagulable status was transient and 24 hours post envenomation the prolonged R time had normalized in most of the dogs without any specific treatment administered (eg, polyvalent antivenom, fresh frozen plasma, stored whole blood). This could be a venom-induced phenomenon and could potentially occur due to abnormal thrombin production or a direct effect on certain coagulation factors. The TEG variables K, angle, and MA of the puffadder group were not significantly different compared to the cobra and control groups at presentation. Visual appreciation of the thromboelastograms of puffadder-envenomed dogs, however, clearly demonstrated hypocoagulability together with prolonged clot initiation compared to the other 2 groups (Figures 6 and 7) . The lack of significance is most likely due to the fact that these variables were adjusted for the effect that Plt and Fib concentration can have on them. The small sample size most likely also affected the power of the study and contributed to this loss of significance of the TEG variables between groups.
A prolonged R time correlates with delayed initiation of hemostasis 14, 28 and supports the theory of a venominduced phenomenon, refractory to treatment with blood components. Snake venoms are known to contain proteins that can activate or prevent hemostasis. 8, 29, 30 Examples of anticoagulant venom components include phospholipases, fibrinogenolytic enzymes, and proteolytic enzymes that can degrade coagulation factors. 31 The coagulopathy and hemorrhage that results from envenomation by snakes belonging to the family Viperidae (B. gabonica, B. arietans) in human patients is well described. 8, 22, 32 The venom of the gaboon adder (B. gabonica) contains components that interfere with platelet aggregation, as well as the blood thromboplastin system, resulting in defective thrombin generation, defective prothrombin consumption, inhibition of thromboplastin formation, and accelerated loss of formed thromboplastin. 32 Clot formation is also impaired through direct proteolytic action on Fib, releasing soluble Fib breakdown products, with possibly defective fibrin polymerization, resulting in a prolonged thrombin clotting time. 32 The effects of puffadder venom on coagulation in baboons also demonstrated fibrinolysis and fibrinogenolysis and appear dose related, with evidence of consumption of blood coagulation factors and severe thrombocytopenia. 33 In addition, normal human platelets were shown to be extremely sensitive to small doses of venom in vitro, with irreversible aggregation occurring very rapidly, probably through the action of adenosine diphosphate. 33 Significant thrombocytopenia was noted on presentation in the puffadder group compared to both cobra and control groups, which is similar to previous reports in dogs 23 and baboons. 33 Venom-induced thrombocytopenia has been described in puffadder victims. 33 Snake venom is able to target platelets by either inhibiting (thereby reducing their effectiveness in hemostasis), or promoting aggregation (contributing toward pathologic sequelae). 8 Both platelet aggregators (bitiscetin) and inhibitors (bitistatin) have been isolated from the venom of B. arietans. Bitiscetin, a disulphide-linked heterodimer, is a C-type lectin-like protein that binds to the A 1 domain of Von Willebrand's factor and induces platelet aggregation through binding of platelet membrane glycoprotein Ib. 31, 34 Bitistatin, on the other hand, is a disintegrin (receptor antagonist) that binds to integrin IIb-IIIa receptors on the platelet surface, thereby blocking Fib binding to the receptor-glycoprotein complex on activated platelets. 35 Platelet aggregation induced by action of adenosine diphosphate, thrombin, platelet-activating factor, and collagen therefore becomes inhibited. 8, 36 This venom effect may be an explanation for the low MA observed in most of the dogs envenomed by puffadder. None of the cobra-envenomed dogs demonstrated signs of thrombocytopenia.
Other hematological findings at presentation included a normal HCT and leukocytosis in the puffadder group. At 24 hours, the HCT had decreased, but still remained within the normal reference interval. This finding is most likely attributed to acute hemorrhage that occurs at the envenomation site, 4, 23 with resultant fluid shifts due to capillary leakage. 6 Puffadders are known for their highly potent hemorrhagic and cytotoxic venom, 22, 27 and patients usually develop marked swelling at the envenomation site that is progressive for up to 72 hours. 4 The HCT also decreased in the cobra group at 24 hours, but remained well within the reference interval. Administration of IV fluids will also result in hemodilution, which likely lowered HCT in both puffadder and cobra groups.
A marked leukocytosis was present in the puffadderenvenomed dogs at all times of blood sampling and has also been described previously. 23 The leukocytosis is likely induced by cytokines as a result of acute inflammation triggered by cellular damage at the envenomation site, but could also occur due to a stress or pain response. 3, 6, 23 Severe tissue damage at the envenomation site is characteristic of envenoming by viperid and some elapid snakes. A complex of pathological effects result, such as skin and muscle necrosis, blistering, hemorrhage, lymphatic vessel damage, edema, and extracellular matrix degradation. Many venom components are responsible for these effects and include phospholipase A 2 and snake venom metalloproteinases. 10 Inflammation is a key feature in snake envenomation as can also be demonstrated by the significant increases in CRP and Fib concentrations during the first 24 hours in this study. Only 3 dogs (3/18) demonstrated an increased CRP concentration at presentation; all 3 were envenomed by puffadders. At 24 hours, the majority of dogs (apart from 2) had increased CRP concentrations, suggesting continuing inflammation, which is likely the largest contributing factor of progressive hypercoagulability in both puffadder-and cobra-envenomed dogs.
Of the traditional plasma-based coagulation assays, AT activity, PT, and aPTT were found to be significantly different among the groups. Although AT activity was decreased at presentation in the puffadder and cobra groups compared to the controls, it remained within the normal reference limits in most patients (activity >80%). It would seem that both types of snakes initiate nonspecific coagulation, with resultant consumption of AT. This effect was also seen 24 hours post envenomation, where AT activity was decreased even more, but still remained within the normal reference limits. PT and aPTT were both significantly prolonged in the cobra-envenomed dogs compared to the controls; however, the values also remained within normal reference limits. The clinical relevance of the significant differences among groups for AT activity, PT, and PTT is therefore questionable because the differences were small, with overlap between the groups.
Limitations to this study included a small sample size and therefore a high probability of type II error. The statistical power of the study may also have been reduced due to the necessity for adjusting for covariates, such as the low Plt and high Fib concentration that have been shown to affect certain TEG variables, as well as the disease-specific treatments provided (polyvalent antivenom, blood products). Time from envenomation to presentation could not be standardized. In an attempt to overcome this limitation, the authors chose to include only cases that presented within 6 hours post envenoming. Dogs were therefore at differing stages of hemostasis when presented, which could have influenced the results. The large variation in body mass between the cases may have affected the venom-to-body mass ratio, which may also have affected the results. Due to budget constraints, blood-borne parasites, such as B. rossi and E. canis, could not be definitively excluded by polymerase chain reaction testing.
Conclusions
Hemostatic changes occur in dogs envenomed by both puffadder and snouted cobra. The hypocoagulable changes in dogs envenomed by puffadders are likely venom induced, dose-dependent, and transient; most puffadder victims reverted to a hypercoagulable state within 24 hours post envenoming due to likely on-going local and systemic inflammation. We postulate that the hypocoagulable thromboelastogram seen with puffadder envenoming at presentation could be due to abnormal thrombin production, or a direct effect on coagulation factors. Snouted cobra-envenomed dogs were found to be hypercoagulable at presentation. This hypercoagulability appears to be progressive, as follow-up thromboelastograms 24 hours post envenomation were more hypercoagulable than at presentation. These dogs should be monitored for thrombosis that may result in pulmonary thromboembolism or multiple organ damage. However, the use of anticoagulants such as heparin is reported to be contra-indicated because most venominduced coagulopathies have been shown to be resistant to heparin. 37 The presence of fibrin degradation products in the victim may also contribute to the anticoagulant effect and spontaneous bleeding may result. 8, 38 TEG proved to be a more sensitive tool in detecting abnormal hemostatic status in envenomed victims compared to traditional coagulation assays. An abnormal thromboelastogram in a puffadder-envenomed dog should prompt the clinician to administer appropriate antivenom and to monitor for a bleeding diathesis. Unfortunately, the use of TEG is currently limited to educational institutions due to expensive laboratory equipment. 
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